There is increasing recognition of the potential morbidity and mortality associated with HIV-1 and hepatitis C (HCV) co-infection. HIV appears to adversely affect HCV disease while the reciprocal effect of HCV on HIV remains controversial. We therefore studied the effect of co-infection on dendritic cell function versus HIV infection alone, as previous work has shown that HCV impairs dendritic cell (DC) function. HIV-1 positive individuals with HCV were matched for CD4 count, HIV-1 RNA viral load and therapy, to HIV-1 positive patients without HCV. Monocyte-derived DC were generated and mixed leukocyte reactions were performed. We assessed allostimulatory capacity with and without administration of exogenous Th1 cytokines, using thymidine uptake and cell division analyses with the vital dye CFSE. We found that monocyte-derived DC from co-infected individuals showed no significant differences in allostimulatory capacity to ex vivo generated DC from HIV-1 infected individuals without HCV. Unlike the situation with HCV infection alone, this impairment was not reversed by increasing concentrations of either interleukin-2 or -12. Monocyte-derived DC from HIV-1 and HCV co-infected individuals have a similar allostimulatory capacity to DC from matched patients with HIV-1 alone. These findings are compatible with results of prior clinical studies that found no evidence that HCV co-infection altered HIV disease progression and has implications for immunotherapeutic approaches in co-infected individuals.
INTRODUCTION
Although anti-retroviral therapy has significantly reduced morbidity and mortality as a result of infection with HIV-1 [1] , liver disease is an increasingly common cause of death [2] [3] [4] . Many of the 200 million individuals infected with hepatitis C (HCV) and the 50 million individuals infected with HIV are co-infected with both viruses [5] [6] [7] [8] [9] . As well as shared routes of transmission, there are many interactions between these small RNA viruses in which infection is often characterised by parenteral transmission followed by a seroconversion illness and then a long latent period lasting many years. HIV-1 infection appears to increase the persistence of the hepatitis C virus, the level of HCV RNA and the progression of HCV-related diseases [4, [10] [11] [12] [13] . Exploring potential therapies for HCV in co-infected patients is a priority.
There are conflicting reports concerning whether HCV infection alters the course of HIV infection [3] . Some studies prior to the advent of highly active anti-retroviral therapy (HAART) suggested that survival and progression to AIDS were the same in patients with HCV/ HIV co-infection as in those with HIV alone [14] [15] [16] , while others suggested an adverse effect [11] [12] [13] [14] [15] [16] [17] . In the pre-HAART era, HCV infection was deemed an irrelevance as it was HIV that affected morbidity and mortality. However, with the increased life expectancy of individuals with HIV, HCV has emerged as a problem that adversely affects survival of individuals with HIV [4, 6] . The hepatotoxicity associated with different HAART regimens also appears to be greater in those with underlying HCV disease, potentially confounding the ability to provide patients with effective anti-viral therapies [18] [19] [20] [21] . There is a need for new, potentially less toxic approaches to treatment.
The immune response often determines the outcome of infection [22, 23] . During infection with HCV and/ or HIV-1, the interactions between the virus and dendritic cells (DC) may contribute to viral persistence, a general feature of both infections [24, 27] . As DC strongly express various capturing, co-stimulatory and adhesion molecules [24, 28] , they can activate naive T cells in a primary response (the only cells that can do so) and measurement of this response is used as a marker of DC function. Furthermore, the ability to generate large numbers of ex vivo DC from peripheral blood progenitors [29] has the potential for use as an immunotherapeutic tool [30] .
DC stimulatory capacity must however be assessed in relation to disease status. Three previous studies on this subject have shown that DC recovered from HCV-infected individuals have an impaired capacity to stimulate allogeneic T cells [31] [32] [33] while a more recent investigation showed no differences [34] . One of these studies showed that the exogenous T h 1 cytokines interleukin-2 (IL-2) and IL-12 reversed and restored the low allogeneic T cell proliferation observed with monocyte-derived DC from individuals with chronic HCV infection alone [32] . Other studies have demonstrated that HIV-1 not only impairs the function of DC [35] (H Donaghy pers commun.) but also that HIV-1 can inhibit IL-12 secretion from these cells [36, 37] . HIV-1 and HCV co-infection may therefore be expected to significantly impair function precluding the use of this 'easy-to-generate' immune cell subset in immunotherapeutic approaches. We therefore assessed the primary stimulatory capacity of monocyte-derived DC from chronically infected individuals, with both HIV-1 and HCV and HIV-1 alone, in order to establish whether such stimulatory capacity was further impaired.
MATERIALS AND METHODS

Participants and generation of DC
Consenting HIV-1-seropositive patients with (n=10) and without (n=10) chronic untreated HCV (genotype 1 a/b) were enrolled in this study. These were matched for immune (CD4, CD8 count), virologic parameters, HAART and time on HAART (Tab 1) in order to enable comparisons between the two patient groups. Those without HCV were confirmed as being HCV antibody negative (Abbot IMX system, Maidenhead, UK) and individuals who were HCV antibody positive were further defined by PCR (Roche Amplicor, Mannheim, Germany). Patients receiving therapies other than HAART including interferon-α and ribavarin were excluded, as were those with chronic hepatitis B. All volunteers were from the Chelsea and Westminster Hospital, London, voluntary written informed consent was provided and the study received appropriate ethical approval.
Blood from all individuals was processed within 1 h from drawing, no freezing occurred and all reagents used were selected for their low levels of endotoxin contamination. Peripheral blood mononuclear cells (PBMC) were separated on a Ficoll-Histopaque density gradient and resuspended in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, L-glutamine, and streptomycin/ penicillin prior to further separation by centrifugation over 50% Percoll. Monocyte-derived DC were propagated from PBMC using a previously described protocol [29] . Briefly, PBMC were incubated on gelatinecoated flasks for 2 h at 37°C, nonadherent cells were removed, and fresh medium supplemented with 800 U/ml rhGM-CSF and 800 U/ml rhIL-4 was added. Cells were incubated for 6 d at 37°C at 5% CO 2 . Half the volume of the medium was removed on alternate days and replaced with fresh medium supplemented with the GM-CSF and IL-4 (Sigma, Poole, UK).
Cellular assays
Mixed leukocyte reactions (MLR) to assess the stimulatory capacity of DC were performed as described [38] . Fresh PBMCs were isolated from healthy HIV seronegative controls for use as responders and these were cultured in triplicate at 10 5 /well for 5 d with a maximum of 1×10 4 /well stimulator cells (monocyte-derived DC from patients) in 96-well round-bottomed plates in 200 µl medium. Five doubling dilutions of stimulators were made. Recombinant human IL-12 and IL-2 (Sigma, Poole, UK) were added to a final concentration of 10 -100 U/ml and 10-50 ng/ml respectively. Addition of TNF-α (Sigma) at 10 ng/ml occurred when described at 24 h. Cultures were pulsed with ( 3 H)TdR (1 µCi/well; Amersham, Freiberg, Germany) at 5 d for 16 h. Nuclei were harvested onto fiberglass filter paper (Packard Instrument, Meriden, CT) and radioactivity in the filter paper was quantified as cpm by use of a direct beta counter 9600 (Packard Instrument).
In order to ascertain that any defect we observed in stimulatory capacity resided in the DC themselves and not in the T cells, we reversed this procedure and performed MLR experiments to assess the stimulatory capacity of monocyte-derived DC from uninfected volunteers using allogeneic T cells from co-infected individuals as responders (i.e. normal stimulators with 'co-infected' responders). IL-12 levels were also analysed in the plasma of patients and also in MLR supernatants (from day 4 as previously described [32] ) using an ELISA kit for IL-12 p70 (R&D systems, Abingdon, UK) with a detection threshold of 3 pg/ml. Results of MLRs were expressed as stimulation index (SI) determined as mean cpms in cultures containing responding and stimulator cells divided by mean cpms in culture containing responder cells alone or as ∆CPM determined as mean cpms minus the appropriate background. At each number of stimulating DCs between HCV/ HIV infected patients and HIV-matched controls, comparisons were made using the Wilcoxon test. As it was deemed necessary to perform comparisons at each stimulator number, p values were adjusted using the Bonferroni correction.
Labelling with 5-(and 6-) carboxy fluoroscein diacetate succimidyl ester (CFSE; Molecular probes, Eugene, USA) to quantitate cell division was performed by suspending a final concentration of 10 µM with 2×10
7 PBMC/ml [39, 40] . After incubation at 37 o C for 10 min, the staining reaction was quenched by the addition of a large volume of ice-cold PBS followed by 2 washes in the same medium. Analysis of cell division was performed after 5 d MLRs for 2 patients in each group using a Becton Dickinson FACS caliber with a minimum of 100,000 cells acquired in the live gate. Plasma HIV-1 viral loads were determined by the Bayer HIV-1 RNA 3.0 ( DNA) Assay (Berkshire, UK) or by PCR assay (Cobas Amplicor HIV-1 Monitor test version 1.5, Roche Diagnostics, UK) with a lower level of detection <50 HIV-1 RNA copies/ml. Absolute CD4 and CD8 counts were obtained by flow cytometry (BeckmanCoulter, Oxford, UK).
RESULTS AND DISCUSSION
Here, the allogeneic or primary stimulatory capacity of DC derived from HIV-1 and HCV co-infected individuals is similar to that observed in DC from HIV-1 infected individuals alone. We observed no statistically significant differences at any ratio of stimulator DC to responder PBMC (using either counts per minute or stimulation index, Fig 1) .
In these matched individuals, the addition of a range of concentrations of the exogenous T H1 cytokines, IL-2 or IL-12, did not increase allostimulatory capacity. However, the administration of TNF-α did result in a similar increase in both groups studied. This is compatible with its role in switching DC from an antigen capturing to an antigen presenting function [23, 41] .
In our co-infected and HIV-1 infected cohorts, there were no statistically significant differences in HIV-1 RNA copies/ml, CD4 count or CD4 percent, CD3, CD8, CD16/ 56 (natural killer) and CD19 (B cell) counts between the groups. We did however observe a significantly higher ALT in the co-infected individuals (Tab 1). There were no significant correlations between these immunologic counts (Pearson's correlation co-efficient, r = 0.01-0.1) or HIV-1 viral load (r = 0.1) and the peaks of thymidine uptake.
The non-significant trend towards a decrease in allogeneic stimulation in coinfected patients seen in the MLRs was confirmed using CFSE, a vital dye that is cleaved once inside cells rendering its membrane impermeable before it segregates equally in daughter progeny (Fig 2) . While we demonstrated that the CFSE label was less rapidly lost and less divisions occurred in response to stimulation of DC derived from individuals with HCV-HIV co-infection compared to HIV-1 seropositive controls, we confirmed that there were no statistically significant differences. Using thymidine uptake as a quantitative measure, we have however established that if the trend towards a minimal decrease in allogeneic capacity in co-infection continued in the same direction, more than 100 patients would require recruiting to demonstrate any significant difference. This is compatible to work that we have performed demonstrating no significant differences between levels of the DC co-stimulatory molecules (CD40, CD80, CD83 and CD86) in the matched groups (data not shown).
In order to confirm that the defect resided in the DC but not in responding T cells, we performed MLRs using healthy volunteer monocyte-derived DC with T cells obtained from patients with co-infection: results showed no differences to MLRs using T cells from normal responders. ELISAs performed to measure IL-12 in patients' plasma and in MLR supernatant showed no significant changes between groups and were generally unrevealing.
As mentioned, the clinical data on whether HCV infection [42] . However, this decrease in survival did not appear to be due to a reduced responsiveness of patients with co-infection to HAART, since there was no association between HCV seropositivity and probability of reaching an HIV RNA level below 400 copies per ml. The increase in CD4 cell count in response to antiretroviral therapy did appear to be less in patients with HCV infection than in those with HIV alone, however. The authors hypothesised that HCV could have a direct pathogenic effect on lymphocytes, impairing the recovery of HIV-related immune function with antiretroviral therapy, thus, explaining both the progression to AIDS and the delay in CD4 cell count recovery in patients with HCV. Other recent studies have reported similarly compromised CD4 cell responsiveness in HIV-HCV infected individuals despite HIV RNA suppression [43] . Supporting this, HCV replication in lymphoid cells has been shown in HIV-1 positive patients [44] . More recently, Sulkowski et al. showed no difference in the risk of death or in the risk of developing a new AIDS-defining illness in patients with and without HCV [45] . Survival was reduced in HCV-infected patients with baseline CD4 cell counts from 50 cells/mm ; this association between CD4 cell count and HCV infection was not demonstrated in a multivariate regression analysis. Thus, this clinical cohort study and our data suggests that HCV does not play a direct role in altering HIV disease progression or in subverting the responses of HIV infected dendritic cells, but rather that the management of patients with HIV infection is being compromised by coexisting HCV infection. Differences in survival in HCV-positive and HCV-negative patients observed in the European study [42] were likely not due to differences in antiretroviral therapy, since the adverse effect of HCV was even seen in patients with well-controlled HIV infection on therapy [45] . Different outcomes observed may simply be due to differences in the demographics of the study populations. However, the progression from HIV infection diagnosis to AIDS has been shown to be similar in HIV-infected versus co-infected populations in other cohorts, supporting the lack of a direct effect of HCV on HIV immune progression [46] . While we have identified HCV replication in DC from co-infected patients (C Thomas, pers commun), their function does not appear further impaired.
As co-infection does not appear to lead to an additional impairment in allostimulatory capacity (compared to HCV alone or HIV-1 alone), DC derived immunotherapeutic approaches being developed for HIV [30, 47] could also be used to target co-infected individuals. Monocyte-derived DC could constitute a readily available source of potent antigen-presenting cells and be used to stimulate naive CD4 and CD8 T cell-mediated responses in HIV+ patients or to enhance the reactivity of secondary memory T cells to HIV and non-HIV (including HCV) antigens.
